Background: We adopted ABVD chemotherapy with risk-adapted radiation therapy (RT) as first-line therapy for children, adolescents and young adults with Hodgkin lymphoma (HL) in British Columbia in 2004. Results: Among 55 children (age < 18 year) and 154 young adults (18-25 year), there were no significant differences among age groups for sex, histologic subtype, tumour bulk, B symptoms, prognostic risk groups or treatment received. The rates of complete response, partial response and progressive disease were 84%, 7% and 10% for children and 95%, 4% and 1% for young adults (P¼0.01), respectively. Treatment failures in children all occurred within one year of completion, while 8/21 (38%) relapses in young adults occurred later (P¼0.04). With a median follow-up of 66 months the 5-year progression-free (PFS) and overall survival (OS) were 85 6 3% and 97 6 1%, respectively. For limited stage disease, PFS was 90 6 7% for children and 93 6 3% for young adults (P¼0.65); OS was 100% for both. For advanced stage patients, PFS and OS were also similar for the children and young adults (77 6 7% versus 81 6 4%; P¼0.38 and OS 90 6 6% versus 97 6 2%; P¼0.17). The rate of consolidative RT was low (21%) and did not differ between age groups.
Introduction
Hodgkin lymphoma (HL) is one of the most commonly diagnosed malignancies in adolescents and young adults [1, 2] with a peak incidence between ages 15 and 34 years. With current therapies, 5-year overall survival (OS) is greater than 90% and there is an increasing emphasis on minimizing late treatment-related morbidity. Treatment protocols differ between paediatric and adult centres and clinical trials typically do not target both populations. Without strong clinical evidence of biological differences in the underlying disease, therapy received by adolescents and young adults with HL is often dictated predominantly by referral preference and location of care.
The current standard of care in North America for treatment of HL in adulthood is ABVD (doxorubicin, bleomycin, vinblastine and dacarbazine) with varying use of consolidative radiotherapy (RT) at doses of 30-35 Gy. Published long-term outcomes document excellent survival outcomes in both limited and advanced stage disease with low rates of long-term toxicity [3, 4] . In paediatrics, HL therapy has evolved away from ABVD and outcomes in children have recently been reported to be similar to adults with 5-year OS of 96% and PFS of 79% [5] .
In British Columbia (BC), Canada, ABVD with consolidative involved-field RT (IFRT) only for incomplete chemotherapy responders became standard therapy for young adults with HL in 2004, and was adopted for paediatric HL in 2006 [6] . We report the outcomes of ABVD with risk-adapted RT in children, adolescents and young adults with HL.
Methods
This is a retrospective population-based registry study of 209 patients with histologically confirmed classical HL of all stages, diagnosed in BC, Canada at age 25 years, who were treated with ABVD between 1 January 2004 and 1 July 2013 at an adult oncology centre, and 1 January 2006 and 1 July 2013 at a paediatric centre based on dates of adoption of ABVD as standard therapy. Nodular lymphocyte predominant was not included. From an initial 236 patients with classical HL, 27 were excluded (supplementary Figure S1 , available at Annals of Oncology online). Patient characteristics in the excluded group did not differ from the study cohort. Patients were identified from clinical databases that are verified against the BC Provincial Cancer Registry to ensure inclusion. This approach captures 95% of all patients with HL in the province. Data collection was by chart review for patients treated at paediatric centres, and by use of the BC Cancer Agency Lymphoid Cancer Database for patients treated at adult centres. The study was approved by the Research Ethics Boards at the University of British Columbia.
Staging and treatment
Patients were staged using the Ann Arbor staging system [7] . Limited access to centralized PET/CT imaging has been available since July 2005 in BC. Bulky disease was defined as a mediastinal mass 1/3 of the maximum chest wall diameter or any mass with diameter 10 cm. Risk stratification based on adult criteria [8] was adopted for all ages: limited stage disease was stage IA, IB or IIA and the absence of bulky disease. All others had advanced stage disease.
Children under age 16 years had therapy coordinated by a single tertiary paediatric centre, adolescents aged 16-18 years were treated at either paediatric or adult centres and young adults over 18 years received care at one of the six cancer centres or regional clinics. All patients followed a common ABVD treatment protocol. Limited stage patients received 2 cycles of ABVD followed by PET or CT assessment. Consolidation for limited stage rapid early responders (RER) (negative after 2 cycles) consisted of 2 further cycles of ABVD across all age groups. Paediatric patients with slow early response (SER) (positive after 2 cycles) received 4 further cycles of ABVD, followed by IFRT if end of treatment imaging remained positive; adolescent and young adult patients with SER received IFRT to all sites of original disease. Advanced stage patients received 6 cycles of ABVD followed by repeat imaging. IFRT to areas of residual CT or PET positive disease was recommended for those patients with incomplete response if the area was radio-encompassable. The management of cases with inconclusive response on PET at any time-point was determined by the individual treating physician. The IFRT dose for all stages was 35 Gy for patients treated at an adult centre and 21 Gy for patients treated at the paediatric centre. Second-line therapy for patients with primary progressive disease or first relapse was a salvage chemotherapy regimen, followed by high-dose BEAM (carmustine, etoposide, cytarabine and melphalan) conditioning and autologous stem cell transplantation.
Patients treated at paediatric centres were followed during active care with uniform screening for acute toxicities, including echocardiogram and pulmonary function testing (PFT) every 2nd cycle. Any of this subset with follow-up greater than 2 years from diagnosis were further screened for late effects in specialized survivor clinics that utilize the Children's Oncology Group Survivorship Guidelines [9] . Acute and late toxicity events were evaluated retrospectively using Common Terminology Criteria for Adverse Events v3.0 [10] . Toxicity data was not available for those treated at adult centres as it is not tracked in the BCCA Lymphoma Database.
Statistical methods
The response assessments were based on CT or by visual assessment of PET status as positive, inconclusive or negative by clinical radiologist. The clinical criteria used for evaluation of PET varied over time based on emerging evidence and the definitions of response to treatment were thus broadly guided by International Harmonization Project response criteria [11] : Complete response (CR) was defined as resolution of all measurable disease or negative PET; partial response (PR) as greater than 50% reduction of up to 6 largest masses and no increase in size of other nodes, with one or more PET positive lesions at previously involved sites; progressive disease (PD) as the appearance of new lesions > 1.5 cm or >50% increase in previously involved sites and PET positive; and stable disease (SD) as failure to achieve PR/CR and no PD. Primary progressive disease was defined as lack of response (SD) or PD while on treatment or within 3 months after completion of treatment; early relapse as progression detected 3 to <12 months after completion and late relapse was after 12 months.
Patient characteristics in childhood (<18 year) and young adult (18 to 25 year) age cohorts were compared using Pearson Chi-square tests. All comparisons were two-sided and significance level was P ¼ 0.05. Any SD, PD, relapse or death due to any cause was considered an event. Progression-free survival (PFS) and overall survival (OS) were calculated from date of diagnosis to date of event or last follow-up. PFS and OS were estimated using the Kaplan-Meier method and compared by the log-rank tests at P ¼ 0.05 significance level. Statistical analysis was performed was analyzed using SAS Statistical Software, version 9.4 (SAS Institute, Cary, NC).
Results

Patient characteristics
The study cohort included 209 children, adolescents and young adults (age 25 year) diagnosed with HL between 2004 and 2013 who received ABVD as initial therapy. Children (<18 year) and young adults (18-25 year) had a similar distribution of sex, histological subtype, presence of systemic symptoms and tumour bulk (Table 1) . Ann Arbor stage differed between age groups, with a higher proportion of stage III disease in the younger cohort likely due to more frequent baseline PET/CT imaging in the paediatric group (Table 2) . However, age groups were similar in proportion of patients with limited and advanced disease.
Treatment, response and outcomes
The median follow-up for living patients was 66 months (range 16-135 months). There was no difference between the age groups in the number of chemotherapy cycles (P¼0.28) or proportion receiving RT (P¼0.20). Radiotherapy was administered to 21% overall (24% limited versus 18% advanced stage). Overall, 192 of 209 patients achieved CR following initial therapy (92%), while 10 patients had PR, none had SD and seven patients developed PD. A greater proportion of young adults achieved a CR compared to children (95% and 84%; P ¼ 0.01). Among children with advanced stage disease, only 74% achieved CR compared to 92% of the young adults (Table 2) . Relapsed or refractory lymphoma developed in 31/209 patients (15%). Time to treatment failure differed between children and young adults: under age 18, 100% of treatment failures occurring during treatment or within 12 months of completion whereas in young adults, 8/21 (38%) of relapses occurred beyond a year off therapy (P¼0.04).
For the entire cohort, 5-year PFS was 84 6 3% and OS was 97 6 1%. Outcomes by the risk group and by the age are presented in Figure 1 . Among patients with limited stage disease, the 5-year PFS was 90 6 7% for the paediatric group and 93 6 3% for young adults (P¼0.65), with an OS of 100% for both groups (Table 2) . For advanced stage patients, PFS and OS were also similar for the paediatric and young adult cohorts (77 6 7% versus 81 6 4%;P¼0.38 and OS 90 6 6% versus 97 6 2%; P¼0.17). On univariate analysis, Ann Arbor stage IV disease and bulk were significantly prognostic of PFS and OS, while the presence of B symptoms was prognostic for PFS alone (supplementary Table  S1 , available at Annals of Oncology online).
Thirty-five paediatric patients were reviewed for acute toxicities and of those, 24 had follow-up beyond 2 years from diagnosis (range 27-93 months) to evaluate for late effects (supplementary Table S2 , available at Annals of Oncology online). The rate of grade 2 acute pulmonary toxicity on PFT was 60%; the most common finding was isolated reduction in diffusion capacity. Only two patients had symptomatic lung disease: one had dyspnoea on exertion and the second developed pneumonitis syndrome that required ventilator support after undergoing autologous stem cell transplant for progressive disease. There were no cases of late onset pulmonary toxicity although 3 patients had persistent mild or moderate restrictive lung disease beyond 2 years. No patient met criteria for acute cardiac toxicity; however, one patient had left ventricular dilatation initially noted during therapy and progressed to grade 2 cardiomyopathy 5 years later.
Discussion
Adult studies have shown that ABVD is effective for limited (5-year PFS 86%-94%; OS 96%-98%) [12] [13] [14] and advanced stage (5-year PFS 71%-85%; OS 84%-90%) disease [15] [16] [17] . In our cohort, young adults aged 18-25 years achieved high rates of CR to upfront therapy and 5-year PFS and OS of 93% and 100%, respectively, in limited disease and 81% and 97% in advanced disease. In addition, with a risk-adapted approach, only 23% of young adults required consolidative RT. Our data suggest that for the young adults treated with ABVD, the majority of patients have ABVD-sensitive disease, with correspondingly excellent response rates, low utilization of RT and high rates of durable remission.
In children and adolescents with limited stage disease, we similarly report an excellent 5-year PFS and OS and a 10% rate of RT usage. However, the subset of children with advanced disease stood out as having poorer outcomes including significantly lower rates of CR and earlier treatment failures. This difference is unlikely to be a reflection of treatment at a paediatric versus adult centre, as we found no difference in treatment response or survival based on locus of care (data not shown). Contemporary paediatric approaches more commonly employ 3-level risk stratification models and use of broader multi-agent therapy to minimize cumulative doses. Outcomes of this approach by the European GPOH-HD 2002 [18] were 5-year PFS 93% in both low-risk (TG-1) and intermediate-risk (TG-2), and 87% in high-risk groups (TG-3). The Children's Oncology group trials AHOD 0431 [19] , 0031 [20] and 0831 [21] report 5-year PFS 84% in low-risk, 85% in intermediate-risk and 80% in high-risk groups. Reported 5-year OS were 95%-100% in all of these trials and rates of RT were between 65% and 100%. To facilitate comparison, we performed secondary analysis of our data as per inclusion criteria of COG trials into low risk (IA and IIA without bulk, N ¼ 43), high risk (IIIB and IVB, N ¼ 26) and intermediate risk (all others, N ¼ 51). Five-year PFS for low and intermediate-risk groups were 93% 6 4% and 85% 6 5%, respectively, while 5-year OS was 100% for both groups. This suggests comparable outcomes for paediatric patients with low and intermediate risk HL following ABVD chemotherapy, with considerably less RT. However, for the small group with high-risk disease, our 5-year EFS and OS were only 69% 6 9% and 87% 6 7%, respectively. As such, we cannot support utilization of this approach in this high-risk subset who likely require intensive therapy, greater use of consolidative RT and may benefit most from the inclusion of novel targeted therapies.
Given the high rates of survival in HL, the balance of risk for late effects must be factored into decision-analysis regarding Overall survival (probability)
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Progression-free survival (probability) Figure 1 . Kaplan-Meier analysis of 5-year OS and PFS by the prognostic risk group and by the age. Patients with limited and advanced stage disease had 5-year OS 100% and 95% 6 2%, P¼0.045, and PFS 92% 6 3% and 80% 6 4%, P ¼ 0.03, respectively (A and B). OS and PFS for the paediatric (<18 year) and young adult (18-25 year) groups were 93% 6 4% versus 98% 6 1%, P¼0.14, and 82% 6 5% and 86% 6 3%, P¼0.33, respectively (C and D).
optimal care. ABVD chemotherapy confers elevated risk of pulmonary toxicity from bleomycin [22] and of cardiomyopathy from anthracycline [23] , but has potentially less risk of secondary malignancies and infertility based on absence of alkylators and etoposide. In our cohort, we identified a high rate of asymptomatic acute pulmonary toxicity but the majority (86%) had subsequent resolution by 2 years post-diagnosis, and there was only one case of asymptomatic cardiomyopathy among paediatric survivors with a median follow up of almost 5 years. The addition of RT is a further independent risk factor for late effects including increased risk of secondary malignancy [24] , cardiac, pulmonary, thyroid and gonadal toxicity [22, [25] [26] [27] . ABVD without consolidative RT in young adults with favourable, limited stage HL has been reported to achieve 5-year PFS and OS of 92% and 100%, respectively [28] . The North American HD.6 trial [4, 12] compared ABVD alone versus ABVD plus extended field RT in adults with limited stage HL and showed that long-term OS was superior for those treated without RT, owing to fewer late effects leading to excess mortality. Our rates of consolidative RT are among the lowest for current risk-adapted protocols. In young patients with low-and intermediate-risk HL, a treatment strategy of ABVD with risk-adapted RT presents an appealing approach that allows for minimization of RT in a group with a high lifetime risk of treatment-related morbidity and mortality, without compromising survival outcomes.
As a population-based study that spans paediatric and adult sites, our study is able to report response and survival outcomes in children, adolescents and young adults treated with a common approach. Limitations include a retrospective design and restriction to registry data for adult centres, including the absence of toxicity data and incidence of late effects. Further limitations are the application of some accepted adult criteria to paediatric cohort, including the adult definition of bulk, which may underestimate its incidence and overestimate its prognostic importance. The paediatric group also had increased access to staging PET scans, which may lead to stage drift, although there was no difference in frequency of limited or advanced disease between age groups.
In conclusion, we report that ABVD with risk-adapted RT results in excellent survival outcomes in young adults with both limited and advanced stage disease, as well as children with limited stage diseases. These results were achieved with a markedly lower use of RT compared with standard protocols, thus limiting the potential risk of radiation related long-term toxicities. However, among children with high-risk, advanced stage disease, our results suggest that this approach may not be optimal.
